In this paper we present a walking pattern filter for Shape Memory Alloy (SMA) actuated biped robots. SMAs are known for their slow response. The actuation speed limitation can potentially lead to stability problems for biped robots. This filter adapts the human motion for a SMA biped in order to have a stable walking pattern. The Zero Moment Point (ZMP) is used as a main criterion of the filter to guarantee the stability of the motion. The SMA actuators are designed based on the dynamic and kinematics data of the motion. The response time of each SMA actuator is modeled in order to estimate the behavior of the actuator in realizing the given trajectory. After applying the delay times to the motion new trajectories are generated and checked by the ZMP criterion. The output of the filter can generate smooth trajectories for the SMA biped robots. The filter furthermore guarantees the stability while mimicking the human motion. The filter provides a practical way to create stable walking patterns using SMA actuators.
INTRODUCTION
Shape Memory Alloy (SMA) composites are a class of smart materials that exhibit extremely large recoverable strains. The shape memory effect occurs due to a temperature and stress dependent shift in the materials' crystalline structure between two different phases called martensite and austenite. The use of SMAs in applications involving actuation has several advantages such as large deformation, excellent power to mass ratio, maintainability, reliability, and clean and silent actuation. The disadvantages are slow response, low energy efficiency due to conversion of heat to mechanical energy and motion control difficulties due to hysteresis, nonlinearities, parameter uncertainties, and unmodeled dynamics.
When an SMA wire is at a high temperature without stress, it will be in the austenitic phase. At this phase the material is in a body centered cubic structure configuration. As the temperature of the wire decreases, the phase transformation will become martensitic. The martensitic phase is most often a face centered cubic structure. In shape memory effect, a specimen exhibits a large residual strain after loading and unloading. This strain can be fully recovered upon heating the material. In pseudoelastic effect, the SMA material provides a large strain upon loading that is fully recovered in a hysteresis loop upon unloading. [1, 2] When the stress-free austenite phase cools down below the martensite start temperature (M s ) the phase starts transforming to martensite. The material will be completely martensitic when the temperature drops below the martensite finish temperature (M f ). At this phase, the material has multiple variants and twins. As long as the temperature of the material is below the austenite start temperature (A s ), no phase transformation to austenite takes place. When, however, this material is loaded, it will initially start deforming elastically. If the stress increases above a certain amount, the pairs of martensite twins begin detwinning to the stress-preferred twins. During this reorientation process, stress rises very slightly at therefore the stiffness of the material is at its minimum. This single variant of the martensite is thermodynamically stable at T < A s . Therefore, upon unloading there is no conversion to the multiple variant martensite and only a small elastic negative strain will take place. This will leave the detwinned material with a residual strain. The detwinned material can recover the residual strain by heating above the austenite final temperature (A f ). The transformation to austenite starts at the austenite start temperature A s , thus creating the shape memory effect.
If temperature is above the martensite start temperature the material will be in the austenite phase. When the applied stress to this material exceeds a certain amount the austenite transforms to martensite leading to a seemingly plastic strain. The stiffness of the material is at a maximum in the austenite phase. Because of the presence of the stress, upon completion, the material ideally consists of only a single variant of the martensite. If T >A f upon unloading the material goes through a reverse transformation to the parent phase and thus recovering the strain. The reason for the reverse transformation is that the martensite is not stable at this temperature. The recovery of the strain in the hysteresis loop is called pseudoelasticity. If As < T < Af, the result upon unloading is a partial pseudoelastic strain recovery. The remaining residual strain can be recovered by heating the material above Af. If the material is initially in austenite phase but T < As, upon unloading no pseudoelastic effect takes place the result is a different case of shape memory effect [1, 2] .
Large deformation and especially excellent power to mass ratio of SMA wires encourage researchers to modify different types of SMA actuator for robotic applications [3] [4] [5] [6] [7] [8] . It was proposed that the small size and displacement of SMA actuators was ideal for small-size and micro robots [9] . SMAs have been used in many different robotic systems as actuators [10] [11] [12] . Light weight bipeds were a group of small-size robots in which SMA were used for actuation. But the most challenging part in bipeds is stabilizing the motion. Tu et al used SMA wires in a small biped robot [13] . They also design a fuzzy walking pattern for that SAM biped to achieve the stable motion.
Planning walking pattern is one of the most important parts in stabilizing the motion. A well-designed walking pattern can guarantee the stability of the motion. Placing markers on human joints and recording human walking data have aided researchers to investigate human walking pattern [14] . Through sampling some key points of human walking pattern and then developing new joints trajectory on those points Hung et al could generate all the possible trajectories for a biped robot in a sagital plane for various length steps and velocities [15] . The same method was used for lateral plane by Azimi et al [16] .
Depending on the analysis method, two different approaches are used for stability verification of the walking robots. In the first approach the Center of Gravity (COG) is used as a stability criterion for static walkers with low speed. Such a system can be modeled as a static system at each instant. The similar concept for dynamic analysis is the Zero Moment Point (ZMP) which was introduced by Vukobratovic [17] . In some studies a desired ZMP is first generated and then a trajectory is found in such a way that can maintain this pattern [18] . Others find the desired ZMP among several smooth trajectories. The second method has been shown to be more applicable [16] .
Although the stability is the critical criterion in walking pattern generation, in few researches the actuator model has been used as a factor in generating the joint trajectories. Using an actuator with complex nonlinear behaviors and speed limitation such as Shape Memory Alloy (SMA), will affect the stability of the motion. This effect can be predicted by including the actuator model in walking pattern generation. So this prediction could be used for modifying the walking pattern.
In this paper, a walking pattern filter for Shape Memory Alloy (SMA) actuated biped robots is presented. The recorded data of the human walking is used as a source input. A filter is adapting the source input in such a way that the SMA biped can follow a stable trajectory. This way the output of the filter will be a smooth trajectory which is dynamically stable on a SMA biped and also similar to the human motion.
TRAJECTORY GENERATION
A biped with two legs and a trunk is considered here as shown in Fig.1 . The robot has 6 degree of freedom (DOF). Each leg consists of 3 DOF, one at each joint (ankle, knee and hip). The general motion of a biped consists of several sequential steps each composed of two phases: single support and double support. During the single support phase, one leg is on the ground and the other is in the swinging motion. The double support phase starts as soon as the swinging leg meets the ground and ends when the support leg leaves the ground. To be similar to human walking cycle, the period of this phase is considered to be 20% of the whole cycle. T c and D s are the duration and length of the whole cycle while T d represents duration of double support phase in the cycle.
It can be shown that having ankle and hip trajectories is sufficient to formulate the trajectories of all leg joints uniquely [15] . With this assumption unlike most previous works, we planned the motion not only in sagittal but also in lateral plane of motion. Assuming (x a , y a ) and (x h , y h ) denote the ankle and hip joint coordinates and θ a , θ h to be their relative sagittal rotational angles. All calculations are carried out for one leg but
it can simply be repeated for the other leg. Considering each joint's location at some specific points and interpolating them by a particular function that both matches human motion and is compatible with geometrical and boundary conditions, we are able to plan walking patterns for the ankle and hip. The functions used here must behave smoothly. To satisfy this condition, the functions must be differentiable and their second derivative must be continuous. For this purpose, polynomial spline, and sinusoidal functions are used here that normally satisfy these requirements.
ANKLE TRAJECTORY
A fourth degree polynomial is used for the ankle trajectory when the foot is in the swinging motion while a sinusoidal function is used for the interval of foot-ground contact. The use of the latter function makes the foot trajectory compatible with geometrical constraints.
Applying transitional conditions (1), these two curves are joined smoothly as in Fig.2 .
In these trajectories, the foot angle is designed to vary in motion to better match human motion. If it is assumed to be always level with the ground, (like in most previous works), the biped speed will seriously reduce. T m is the instant in which x a and y a reach L am and h am , respectively where h am is the maximum height that the ankle reaches during its motion. F(t) and G(t) are 4 th and 5 th order polynomial functions, respectively, and p is used for adjusting swing acceleration.
Function F k (t) and G k (t) in the equation (2) are calculated using the constraints given by equation (1) . 
HIP TRAJECTORY
Hip trajectory is interpolated with third-order splines assuming to have its highest position midway in the single support phase and its lowest midway in the double support phase. This makes the body to consume the energy in an optimal way. This is because of the fact that the body has the minimum height while it has maximum velocity and vice versa. This trajectory is represented in equation (3) and in the corresponding curves in Fig.3 . Transitional conditions for hip equations are listed in equation (4, 5) . In equation (3), xed and xsd denote distances along the x axis from the hip to the ankle of the support foot and hmin and hmax designate the height of hip at minimum and maximum heights during its motion. The equations of hip motion in sagittal plane in x and y positions are given as:
: 0
Where A, B, C, D matrixes are formed according to the constrained equations which are given as:
EXPERIMENTAL METHOD
Based on the proposed method for trajectory generation the whole joint trajectory will be depended on three sets of parameters. The first set is geometrical parameters, such as length of each segment. In table.1, all the physical properties of the segments are given with respect to the mass and height of the robot. M and H are mass and height of the robot respectively, while L denotes length of the segment.
The second set of parameters is a set of the Gait parameters which are: {T c , T m , q b , q f , L ao , h ao , h min and h max } And the last group is a set of control parameters which are x ed and x sd . The segment properties are proportional to the total height and total mass of the body and can be calculated easily while the gait parameters are calculated by capturing the human motion and then normalizing the parameters with respect to the total height and the time cycle.
To capture the human motion, a subject who had reflective markers on the lateral second metatarsal, the lateral malleolus, the heel, the center of rotation of the knee and the greater trochanter was asked to walk. Eight infra red camera captured the motion at 120 Hz. These data was further passed through the fourth-order Butterworth filter. Using the filtered data, the joints angle and the orientation of the segments were calculated at each instant time. And also the gait parameters are estimated to be used in the filter as a constant.
The filter will adjust the control parameters and also highlight the time cycle limit (Speed Limit). SMA Actuator Model.
STABILITY OF BIPED
There are several methods to ensure the stability of a particular trajectory. As described above, we utilized the ZMP criterion. For stable walking, the Zero Moment Point (ZMP) is a well-known concept for the synthesis of the walking pattern. ZMP is the point where the resultant of the reaction force is applied.
The ZPM criteria states that: as long as the ZMP is within the convex hull of all contact points, the stability of the robot is satisfied and the robot can walk [19] . In the biped, the stable region is the surface of the support foot (feet). The location of ZMP is given by: 
The distance between the boundaries of the stable region and the ZMP called stability margin. The greater this distance, the higher the stability. To find the safest trajectory, it is necessary to evaluate all possible trajectories planned by the method described above to satisfy this stability criterion. The pattern in which the largest stability margin is gained will be selected as the optimum walking pattern.
DYNAMIC SIMULATION
Modeling of contact is an important part of the modeling process. Using the equations that best describe the physics of contact and that also reduce the frequency of switching between equations is essential in avoiding highly frequently switching between differential equations which are usually hard to solve numerically.
It is well known that classical friction models such as Coulomb and Karnopp in which the relation between friction forces and the relative velocity between contact surfaces are discontinuous generate discontinuity in the biped robot model. This could result in difficulty in integrating equations of motion into one.
Considering different types of friction laws, the ElastoPlastic law [20] , which renders both pre-sliding and stiction is selected. To be able to apply this model to foot ground interaction, the foot is divided into some segments. The described model is employed to each segment by using (7) and (8) to calculate the reaction force in each segment. The friction force in Elasto-Plastic Model is written as equation (7). For the normal reaction of the contact surface, Young's moduluscoefficient of restitution was used to account for the elasticity of foot and ground material and is given by (8) .
Where, k is the modulus of elasticity; c is the structural damping coefficient of contact material; and δ is the penetration depth of the contact foot into the ground.
To select the actuators, their characteristics were required. We employed the resulting trajectory in this paper and, by imposing inverse dynamics, the required torques were calculated.
SMA ACTUATOR MODEL
As it was already mentioned, SMA actuators provide an interesting alternative to conventional actuation methods. Their advantages include drastically reduced size, weight, and mechanical complexity. SMA's also have disadvantages, which must be thoroughly considered prior to application. Compared to more conventional actuators, they operate with a low efficiency, at low bandwidths, and with small displacements.
To overcome the small displacement of SMA actuators, the mechanism used by Elahinia et al., as shown in Fig.4 is used at each joint [21] . The dynamic model of the arm including spring and load of the segments is represented by:
Where  w ,  g and  s are the resulting torques from the SMA wire, gravitational loads, and the bias spring, respectively, and  is the wire stress. I e is the effective mass moment of inertia of the segment, and c is the torsional damping coefficient approximating the net joint friction. The details on the assumption and constants used in equation 6 can be found in [22] . For simplicity, the above dynamic equation can be expressed as:
Where 'h' now includes viscous damping and the spring and gravitational terms, 'n' is the number of SMA wires, 'd' is the radius of the SMA wire and ' p r ' is the radius of the pulley. The strain of the wire causes the rotation of both the segment and the two pulleys attached to it.
Therefore the SMA wire strain '' and joint angle '' are related kinematically as equation (11) .
Where 'r p ' is pulleys radius, 'l 0 ' is the initial length of SMA wire, ' 0 ' is the initial position of the manipulator, and ' l ' is the maximum stain of the SMA wire.
Liang and Rogers [23] showed that the thermo-mechanical behavior of SMAs can be described in terms of strain '', martensite fraction '' and temperature 'T'. In the most general form, the thermo-mechanical constitutive equation is The shape memory effect is caused by the phase transformation of the molecular structure between martensite and austenite and can be defined by two models, one for martensite to austenite transformation and the other for austenite to martensite transformation [24] .
Equations (9) (10) (11) (12) show that in order to reach a desired position, the SMA wire should reached the desired temperature therefore the heat transfer model is representing the dynamic of the actuator as a first order system and can give us the response time of the SMA actuator.
The assumed SMA wire heat transfer equation consists of electrical heating and natural convection is as equation 13 and the response time of the SMA as equation 14.
Where 'R' is resistance, ' p c ' is the specific heat, 'm' is mass, '  ' is the density, and ' c A ' is circumferential area of the SMA wire. Also, 'V ' is the applied voltage, '  T ' is the ambient temperature, and ' c h ' is heat convection coefficient. To fix the actuator speed, the actuator at each joint will be selected by specifying the geometry and number of required SMA wires. This way, using equation.10 we can find the maximum required stress based on the maximum required torque. By increasing the diameter of the SMA wire or the number of wires it is possible to produce more torques. It should be noted that maximum stress is limited and also the increase in the number of wires will make an increase in the required voltage.
Introducing ' max M ' and ' max  ' as the maximum required torque and the maximum allowed stress, we can rewrite equation.10 as equation 15 . The length of the wire can be calculated by comparing the reference trajectory and equation (9) where the maximum strain can be 0.1. The equation (8) will also identify the maximum required stress regarding to the maximum required torques which is simulated by the dynamic simulation. This in turn will identify the diameter of the SMA wire or the number of the wires.
FILTER ALGORITHM
AS the flowchart of the filter shows in Fig.5 , The only input of the filter is the total height and weight of the robot.
By using the proportional data provided in Table 1 , all the physical properties of the segments are calculated. The gait properties are also calculated and fixed from the captured data of the human body. Then the control parameters are set to zero and the total trajectory is calculated. This trajectory is checked by the ZMP criterion and if the trajectory is inside the stable region, the filter will go to the next step; otherwise the control parameters will be increased.
The required torque is estimated in the dynamic simulation. This parameter and the maximum rotational angle are used to specify the geometry of the actuator at each joint. In the next step based on the selected actuator the delay time of each SMA actuator is calculated and the real trajectory of each joint is determined. Again the new trajectory is checked by the ZMP criterion and if the trajectory is stable, the controlled parameters as well as the minimum distance of ZMP to the stable margins will be recorded. After this step the loop is continued by increasing the control parameters and this procedure is going on till the control parameters overflow half of step length. At the end, using a search algorithm, the most stable trajectory is selected among the recorded control parameters. If there is no recorded data, the time cycle will be highlighted which means that the SMA biped cannot have a stable walking at that speed and the time cycle should be increased. 
RESULTS
The filter is run for a SMA biped with the height of 40 cm and the weight of 1kg. As shown in Fig.5 , the generated stable trajectory goes through the dynamic simulation which calculates the maximum torque required at each joint. The maximum required torque at the ankle, the knee and the hip are 0.5, 0.8 and 0.2 Nm, respectively.
It was shown in equation 14 that the actuator response time is linearly proportional to the diameter of the SMA wires. In order to reduce the delay, SMA wires with smaller diameter are preferred. To maintain the same level of torque at the joints, the number of wires should increase according to equation 15 . It can be shown that the applied voltage to the SMA actuator has the following relationship with the number of wires. 
Based on equation 16, the required number of wires is depended on the maximum applied voltage, which is assumed to be 18 volts. Therefore based on equation 14-16 the response time of the actuators will be 0.9, 1.14, and 0.57 seconds for ankle, knee and hip joints, respectively. The output of the filter is a surface which shows the minimum distance of the ZMP trajectory to the stable margin. Maximum stability is obtained with ed x of 2.5 cm and sd x of 1.5 cm. Using these segment angles, the new joints coordinate in X and Y directions are found. Figure.6 illustrates the most stable ZMP which is calculated based on the new joints coordinates. This graph is plotted for the final output of the filter which is X ed and X sd both equal to 4 cm. 
CONCLUSION
In this paper, we described a filter to adapt the walking pattern of biped robots for SMA actuation. The filter combines the SMA actuator dynamics with ZMP stability criterion to generate a stable walking pattern. All the physical parameters of the robot as well as the actuation response limitation of the SMA materials are included in the calculation. SMA actuators have excellent power to mass ratio. As a result, the ratio of the physical parameters of the SMA-actuated biped robot is closer to ratio of parameters of a human body than those of similar motor-actuated biped robots. This way, a SMA-actuated biped robot can potentially be used to more accurately simulate the human walking behavior. In converting the human trajectory to the desired trajectory for the simulation, a hip motion is formulated based on two control parameters. This makes it In this work, the control of the SMA actuator is not considered and the dynamic of the SMA actuator is modeled with a delay time. In the following work, the control problem of the actuator will be investigated.
